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Polyacrylamide Gel Electrophoresis by Matrix-
Assisted Laser Desorption/Ionization Mass
Spectrometry
Urooj A. Mirza, Yan-Hui Liu, John T. Tang, Fred Porter, Larry Bondoc,
Guodong Chen, Birendra N. Pramanik, and Tattanahali L. Nagabhushan
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A new methodology for the extraction and characterization of proteins from Coomassie-
stained sodium dodecylsulfate polyacrylamide gel electrophoresis using matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) has been described. The utility of this
methodology was demonstrated in the characterization of adenovirus proteins. The key steps
in the extraction and destaining process involve washing the excised band with a combination
of solvents that include 10% acetic acid, acetonitrile, methanol, and formic acid:water:
isopropanol mixture. By using this procedure, we determined adenovirus proteins with
molecular weights ranging from 10,000 to 110,000 Da by MALDI-MS, obtaining a detection
limit of approximately 6 pmol. Parallel experiments were successfully carried out to analyze
adenovirus proteins from Cu-stained gels. It was observed that increase in laser intensity
resulted in significant improvements in the quality of MALDI mass spectra for the analysis of
inefficiently destained proteins from Cu-stained gels. (J Am Soc Mass Spectrom 2000, 11,
356–361) © 2000 American Society for Mass Spectrometry
Sodium dodecylsulfate polyacrylamide gel electro-phoresis (SDS-PAGE) is a widely used techniquein protein biochemistry for the rapid separation
and approximate molecular weight (M.W.) determina-
tion of proteins from biological samples [1, 2]. The
coupling of SDS-PAGE with mass spectrometry [partic-
ularly electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI)] provides a pow-
erful tool for accurate molecular weight determination
of proteins from complex mixtures.
Several methods were reported for characterization
of SDS-PAGE separated proteins by MALDI-MS and
ESI-MS techniques [3–12]. To determine the molecular
weight of proteins from SDS-PAGE, proteins have been
electroeluted [11, 13] or electroblotted onto different
membranes such as polyvinyllidene fluoride (PVDF)
[3–5], polyethylene [6], nitrocellulose [7], and nylon
[14]. A direct desorption method on SDS-PAGE gels by
MALDI-MS was reported in the analysis of 60 pmol
cytochrome c [15]. In this method, the excised gel was
attached to the MALDI probe tip and the matrix was
applied by spotting. Recently, Cohen and Chait [9]
developed a methodology to extract proteins from
Cu-stained gels for MALDI-MS analysis and were able
to analyze proteins up to 70,000 Da. Ehring et al. [16]
have demonstrated a new strategy for the characteriza-
tion of Coomassie Brilliant Blue stained SDS-PAGE
separated proteins with a molecular weight of up to 30
kDa by MALDI-MS technique. They used a mixture of
organic solvents with 50% formic acid to extract the
protein from the gel after initial destaining with a
mixture of water, acetic acid and ethanol, and achieved
a detection limit of 6 pmol for myoglobin.
Gene therapy technology involves the use of viral
vectors to deliver potentially therapeutic genes to target
cells. The recombinant adenovirus is derived from an
adenovirus serotype 5 (Ad5) that has had the E1 coding
sequences replaced with a 1.4-kb full-length human p53
cDNA [17, 18]. This 200 3 106 Da virus involves an
organized network of interactions between capsid pro-
teins and a linear double-stranded DNA genome. It has
at least 11 structural proteins with a wide mass range
from less than 10 kDa to more than 100 kDa. Individu-
ally, these proteins can contribute from 1% to 45% of the
total viral protein content. The accurate determination
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of the adenovirus proteins is important for the viral
characterization.
In this report, we discuss a simple and convenient
method of determining molecular weights of recombi-
nant adenovirus proteins from Coomassie Brilliant Blue
stained and Cu-stained SDS-PAGE gels by MALDI-MS.
Experimental
Materials
SDS polyacrylamide gels and protein standards were
obtained from Novex (San Diego, CA). Adenovirus
proteins were derived from purified recombinant ade-
novirus type-5 provided in house (Schering-Plough
Research Institute, Kenilworth, NJ). Coomassie Brilliant
Blue, a-cyano-4-hydroxy cinnamic acid (4-HCCA), sina-
pinic acid (SA), and 3,5-dimethoxy-4-hydroxy cinnamic
acid were purchased from Aldrich Chemicals (Milwau-
kee, WI). Formic acid, glacial acetic acid, and trifluoro
acetic acid (TFA) were obtained from Sigma Chemical
(St. Louis, MO), Acros Organic (Pittsburgh, PA), and
Pierce (Rockford, IL), respectively. All the organic sol-
vents were high-performance liquid chromotagraphy
(HPLC) grade and were used without any further
purification. The Coomassie-staining kit was purchased
from Novex (San Diego, CA) and Cu-staining kit was
obtained from Bio-Rad (Hercules, CA).
SDS-PAGE and Protein Extraction
Polyacrylamide gel electrophoresis was performed on a
Novex Excel II double minielectrophoresis unit using
precast Novex minigels (10 cm 3 10 cm, 10 well) con-
taining 4%–20% polyacrylamide gradient gel. The
amount of protein applied on the gel varied from 2.5 to
10 mg. After staining the gel (Coomassie or copper), the
individual bands were excised and taken into 1.5 mL
colorless tubes. First, the excised gel piece was vortexed
for 10 min in 100 mL of 10% acetic acid solution after
washing with about 300 mL of HPLC grade water. Then,
the solution was removed, and the gel piece was
washed thoroughly with water. Then the gel piece was
washed with 100 mL of acetonitrile (ACN) followed by
methanol for 20 min each. Between the change of
solvents, the gel piece was washed with HPLC grade
water. To destain completely, the gel piece was dipped
into 100 mL solution of formic acid:water:isopropanol
(FWI) (1:3:2, v/v/v) and vortexed for 30 min to 3 h
(until the gel piece turns colorless). Protein extraction
was then performed using this colorless gel. The gel
piece was partially dried and taken into a 0.6 mL
colorless tube and crushed into small pieces with a
Fisher brand microprobe. The protein was extracted
from the crushed gel by adding 10 to 30 mL (depending
on the amount of protein loaded on the gel) of saturated
SA solution (0.1% trifluoro acetic acid:acetonitrile 1:1,
v/v) or saturated 4-HCCA solution (FWI 1:3:2, v/v/v).
In either case, the sample was vortexed for 30 min to
4 h, depending on the size of the protein being ex-
tracted. For high molecular weight proteins, sonication
was performed to help the extraction process. 1 mL of
the protein extract was loaded on the sample plate
(approximate protein quantity 1 pmol, assuming about
a 60% recovery) and dried under warm air for further
MALDI-MS analysis. No specific experiment was per-
formed to determine the recovery level of the adenovi-
rus proteins. However, in order to estimate the sample
losses during extraction, a 30 pmol standard protein
(bovine serum albumin, BSA, average molecular weight
66,431 Da) was loaded on the gel and analyzed by
MALDI-MS after extraction. The comparison of ion
intensities in MALDI-MS spectra of the same amount of
BSA loaded on gels and solution indicated a 60%
recovery.
MALDI-MS
The mass spectrometer used in the present work was a
Voyger-DE STR from PerSeptive Biosystems (Framing-
ham, MA). The instrument was equipped with nitrogen
laser (337 nm, 3-ns output pulse) and a high current
detector. All the data presented were obtained in the
linear mode with an acceleration voltage of 25 kV. Each
mass spectrum was generated from the accumulated
data of 200 laser shots. External calibration was per-
formed in all cases, unless otherwise specified in the
Results and Discussion section. Both external and inter-
nal calibrations were achieved by using BSA and myo-
globin proteins obtained from Sigma (St. Louis, MO).
For internal calibration, the calibrant was added to few
microliters of the protein extract.
Results and Discussion
Analysis of Standard Proteins Extracted from
Coomassie-Stained Gels
The initial experiments were performed on Novex stan-
dard marker proteins from Coomassie-stained gels to
evaluate the extraction efficiency of the procedure,
which involves washing gels with organic solvents,
destaining Coomassie-stained gels with a mixture of
formic acid:water:isopropanol solution, and extracting
protein gels with a saturated solution of MALDI matrix,
SA or 4-HCCA.
The MALDI mass spectra shown in Figure 1 were
obtained on 30 pmol of 21 kDa trypsin inhibitor protein
and 37 kDa lactate dehydrogenase protein, respectively.
The proteins were extracted directly from the SDS-
PAGE gels following the above procedure using SA as
the MALDI matrix.
Analysis of Standard Proteins Extracted from Cu-
Stained Gels
The application was also extended to the Cu-stained
gels, and the extraction procedure was identical to that
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developed by Cohen and Chait [9], except that a satu-
rated solution (0.1% TFA/ACN 1:1 v/v) of SA was used
as an extraction solution. The Cu bands were excised
and destained with Bio-Rad destaining solution follow-
ing the Bio-Rad destaining procedure. After two to
three washings with the destaining solution, the bands
were thoroughly washed with water and crushed into
small pieces and then treated with saturated SA solu-
tion. The MALDI mass spectra of the Novex standard
proteins (trypsin inhibitor protein and lactate dehydro-
genase protein) obtained from Cu-stained gels (data not
shown) provided molecular weights of 21 and 37 kDa,
respectively. The comparisons of the mass spectra ob-
tained from Coomassie- and Cu-stained gels show little
difference in the intensities of ions, indicating that the
extraction efficiency in using the above procedure for
Coomassie-stained gel is similar to that of Cu-stained
gels.
MALDI-MS of Adenovirus Proteins from
Coomassie-Stained Gels
The major proteins of SCH 58500 (Adenovirus 5) con-
sists of hexone (II, M.W. 107,876 Da), penton base (III,
M.W. 63,292 Da), peripentonal hexone-associated pro-
tein (IIIa, M.W. 63,501 Da), minor core protein (V, M.W.
41,446 Da), major core protein (VII, M.W. 19,412 Da),
and other hexone-associated proteins (VI, M.W. 22,100
Da; VIII, M.W. 12,580 Da).
Figure 2 shows the MALDI mass spectra of adeno-
virus proteins with molecular weights from 12 to 108
kDa, and the total protein loaded for each band was
about 6 pmol. The extraction time was varied from 30
min for 12 kDa protein to approximately 4 h for 108 kDa
protein. It appears that the high molecular weight
protein bands IIIa and II show relatively weak signals
as compared to low molecular weight protein bands
VII, VI, and V. This may be due to the high mass
discrimination in MALDI-TOF and/or poor extraction
efficiency. However, the signal-to-noise ratios of spectra
shown in Figure 2e, f were adequate to obtain a mass
accuracy of 0.1%. It is interesting to note that band III
and IIIa differ in their molecular weights only by 209 Da
(data not shown). However, bands corresponding to
these two proteins were well resolved on the SDS-
PAGE. In a separate study of these two proteins, we
found that band IIIa was a post-translationally modified
protein.
The corresponding adenovirus proteins (Figure 3)
from Cu-stained gels gave equally impressive MALDI
mass spectra. It is important to note that the two peaks
in Figure 3c (m/z 24,706 and 22,101) correspond to band
pVIII and band VI, respectively. These two protein
bands were very close on SDS-PAGE and they were
extracted together, whereas in the case of Coomassie-
stained proteins we excised and extracted these two
bands separately for mass spectrometry analysis (Fig-
ure 2c represents band VI). In a separate study, the band
VIII was found to be the precursor of pVIII protein. The
MALDI spectrum of band VII from Cu-stained gel
(Figure 3b) showed a tailing, which may be due to
incomplete destaining.
In the present experiments, a typical 15 to 25 mL of
extraction buffer was used, whereas only 1 mL of the
extraction buffer was applied in the MALDI-MS exper-
iments. The total load of 6 pmol of adenovirus protein V
was successfully analyzed from Coomassie-stained gel
(data not shown). Thus, with the present methodology
a detection limit of 6 pmol was achieved. Potentially,
samples with minimum loading amounts can be ana-
lyzed by concentrating the extraction buffer to a few
microliters for MALDI-MS experiments.
To evaluate the effect of different matrices on the
extraction of adenovirus proteins from Coomassie-
stained gels, 4-HCCA was also used in extracting and
analyzing protein band V; this band was chosen be-
cause its molecular weight is approximately in the
middle of the highest molecular weight of the adeno-
virus protein studied. As expected, the matrix was
found to result in multiple protonated peaks in
MALDI spectra [19] compared to other cinnamic acid
derivatives.
As discussed above, all the mass spectra recorded
were obtained from 0.1% TFA/ACN (1:1 v/v) solution
containing saturated amount of SA or 4-HCCA matri-
ces. To examine the generality of the methodology, we
Figure 1. MALDI-MS spectra of standard proteins (Novex) after
destained and extracted from Coomassie-stained SDS-PAGE gel.
(a) Trypsin inhibitor protein and (b) lactate dehydrogenase pro-
tein.
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tested the extraction of adenovirus protein band V
using the same solvent system with the absence of
matrix. The mass spectra (not shown) indicate that the
absence of matrix during the extraction of proteins does
not have any significant effect on the extraction effi-
ciency of proteins off the gel. Thus, this methodology of
extracting proteins could be useful in other analytical
work such as ESI-MS as well as enzymatic digestion of
the extracted proteins for MS analysis. Our extraction
procedure for Coomassie-stained protein by 0.1% TFA
and acetonitrile solution in the absence of matrix may
also allow characterization of extracted proteins by
ESI-MS, without further purification steps being re-
quired. The use of mass spectrometric methods in
combination with in-gel proteolytic digestion has made
important contributions for identification of lower
quantities of proteins [20]. However, one of the difficul-
ties by this approach is to maintain the protein/pro-
tease ratio and obtain complete coverage and reproduc-
ibility in the digestion process [21]. Using the above
extraction procedure, proteins can first be extracted,
then followed by lyophilization and incubation with
controlled amount of protease for peptide mapping
[22].
For accurate mass measurements, this extraction
methodology also allows the use of internal cali-
brants. Both singly and doubly charged ions enable
accurate mass measurements to be better than 0.1%
mass accuracy. The amount of calibrant solution
added to 2 or 3 mL of protein extracts was about 3 mL
Figure 2. MALDI-MS spectra of adenovirus proteins after destained and extracted from Coomassie-
stained SDS-PAGE gel. The extraction solution was saturated sinapinic acid in 0.1% TFA and
acetonitrile (1:1 v/v). The spectra were calibrated using an external calibrant. (a) Band VIII, (b) band
VII, (c) band VI, (d) band V, (e) band IIIA, and (f) band II.
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and can be adjusted based on the mass spectrometry
response.
Increased Laser Intensity Improves MALDI-MS
Signal for Cu-Stained Gels
The inefficient extraction and destaining of proteins
from SDS-PAGE often lead to low quality MALDI
spectra. Figure 4 represents MALDI mass spectra at
three different laser intensities for the same adenovirus
protein band VII obtained from Cu-stained gel after
destaining only once. Clearly, good mass assignment
can not be made with the low quality mass spectrum at
a laser intensity of 2500 (as defined by PE-Biosystem)
(Figure 4a). With increase of laser intensities, the im-
provement in the quality of mass spectra is quite
dramatic. The spectrum in Figure 4b was acquired from
the same sample spot as in Figure 4a but at a higher
laser intensity of 2700 and the measured mass corre-
sponds to the calculated mass of the protein in band VII.
This significant improvement in the quality of the
spectra with increase in the laser intensity by 200 units
enables the analysis of proteins which undergo ineffi-
cient purification and/or destaining from SDS-PAGE
gels. The broadness of the peak disappeared with
further increase in the laser intensity to 2800 (Figure 4c).
In contrast, Coomassie-stained gels require sufficient
cleanup in order to obtain good quality data. The
increase in the laser intensity did not have any signifi-
cant effect on the protein signals. The exact reasons for
Figure 3. MALDI-MS spectra of adenovirus proteins after destained and extracted from Cu-stained
SDS-PAGE gel. The extraction solution was saturated sinapinic acid in 0.1% TFA and acetonitrile (1:1
v/v). The spectra were calibrated using an external calibrant. (a) Band VIII, (b) band VII, (c) band VI
& P VIII, (d) band V, (e) band III, and (f) band II.
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such different behaviors are not well understood. This
may be worth further investigations.
The significant improvement in the quality of mass
spectra with increase in the laser intensity is an impor-
tant observation in the analysis of gel-separated pro-
teins which undergo inefficient destaining from Cu-
stained gels. This approach is ideal for obtaining
MALDI spectra of proteins which form nonspecific
adducts and yield broad peaks. Recently, Jeannot et al.
[23] reported a peak broadening even at 0.03% SDS in
the sample, suggesting that even a very small amount of
SDS is sufficient to degrade the protein signal in the
MALDI spectrum. Usually, 0.1% SDS is used for gel
electrophoresis and most of the SDS is removed during
the destaining process. However, partial destaining or
inefficient destaining could result in peak broadening
due to SDS and hence accurate molecular weight deter-
mination of proteins becomes difficult. Our present
approach of increasing laser intensity may suggest a
way for the molecular weight determination of partially
destained proteins from Cu-stained gels.
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Figure 4. MALDI-MS spectra of adenovirus protein band VII
after destained and extracted from Cu-stained SDS-PAGE gel. The
spectra were acquired from the same spot with different laser
intensities: (a) 2500, (b) 2688, and (c) 2806.
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